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ABSTRACT
Many experiments involving nucleic acids require
the hybridization and ligation of multiple DNA or
RNA molecules to form a compound molecule.
When one of the constituents is single stranded,
however, the efficiency of ligation can be very low
and requires significant individually tailored optimi-
zation. Also, when the molecules involved are very
long (>10kb), the reaction efficiency typically redu-
ces dramatically. Here, we present a simple proce-
dure to efficiently and specifically end-join two
different nucleic acids using the well-known
biotin–streptavidin linkage. We introduce a two-
step approach, in which we initially bind only one
molecule to streptavidin (STV). The second molecule
is added only after complete removal of the
unbound STV. This primarily forms heterodimers
and nearly completely suppresses formation of
unwanted homodimers. We demonstrate that the
joining efficiency is 5025% and is insensitive to
molecule length (up to at least 20kb). Furthermore,
our method eliminates the requirement for specific
complementary overhangs and can therefore be
applied to both DNA and RNA. Demonstrated exam-
ples of the method include the efficient end-joining
of DNA to single-stranded and double-stranded
RNA, and the joining of two double-stranded RNA
molecules. End-joining of long nucleic acids using
this procedure may find applications in bionano-
technology and in single-molecule experiments.
INTRODUCTION
Many experiments involving the manipulation of nucleic
acids require the synthesis of complicated molecular con-
structs from diﬀerent constituting molecules of DNA or
RNA. In single-molecule experiments, for example, con-
structs typically contain molecular handles (1–3) or spe-
ciﬁc sequences such as DNA hairpins (4,5), DNA–RNA
hybrids (6,7), or promoter sequences (8). For certain
applications the molecules involved are very long, either
because the experimental setup requires a certain mini-
mum length (9–11) or because the studied phenomena
take place over long distances (12). An example of an
experiment requiring very long molecules involves the
translocation of single DNA molecules through solid-
state nanopores (13–15). Here, molecules are passed
through a nanometer-sized hole in a thin membrane by
an applied electrical ﬁeld and can be detected by a com-
mensurate change in the ionic current through the pore.
As this process is typically very fast (13), individual molec-
ules have to be very long (>>1kb) in order to be resolved.
Furthermore, increased sophistication of these experi-
ments, for instance via integration with optical tweezers
(9,16), will permit the interrogation of more complex
lengthy molecular constructs.
In such cases, the synthesis of molecular constructs can
pose a serious challenge to the experimentalist, because
standard biochemical reactions can become much less eﬃ-
cient for long molecules (17,18). The standard way to
construct these molecules is to create complementary
overhangs, which hybridize together and can then be
ligated to form a stable construct. Although this typically
works well for relatively short molecules, the yield of these
reactions can drop oﬀ dramatically when the molecules
involved reach lengths over 10kb. Similar techniques
using a complementary ‘splint’ molecule to join single-
stranded molecules of DNA or RNA have been shown
to be useful for joining short oligonucleotides (19,20),
but they require the careful selection of the optimal
splint molecule and have not demonstrably led to high
yields for molecules longer than several hundred bases.
To resolve some of these diﬃculties, we here present a
straightforward procedure to eﬃciently end-join two arbi-
trary molecules in a manner that is independent of the
molecule length (up to at least 20kb).
Our method relies on the use of streptavidin (STV)
to facilitate eﬃcient end-coupling between two arbitrary
nucleic acids A and B, where both A and B can be either
DNA or RNA and of arbitrary length. In this scheme the
STV acts as a linker between the molecule ends, which can
be biotinylated chemically or enzymatically (e.g. using
terminal transferase, Klenow polymerase, or poly(A)
polymerase) using standard available techniques (21–26).
Although a considerable amount of previous work using
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has primarily focused on the coupling of oligonucleotides
or relatively short DNA molecules (27–31) up to 2kb (32).
Also, such research typically had the aim of either forming
multimers of DNA–STV complexes or long strings of bis-
biotinylated molecules (biotin on both ends) for the pur-
pose of scaﬀolding in nanoengineering (30,31,33) or
as useful aids in detection assays (29,34). Methods
that speciﬁcally aim to optimize the formation of a
unique end-product, such as a heterodimer A+B, are
lacking.
STV is an excellent choice as a coupling agent, because
it binds biotin with an extremely high binding aﬃnity
(Kd 10
 15M) and has multiple biotin binding sites
(35,36). Indeed, wild-type STV contains four binding
sites for biotin, so it could in principle join up to four
biotin-labeled molecules. By simply adding STV to a col-
lection of diﬀerent biotinylated molecules, one would
therefore expect to form a variety of dimers, trimers and
tetramers. To speciﬁcally promote the formation of the
heterodimer A+B, we here introduce a two step
approach, in which the STV is ﬁrst bound only to mole-
cule A. Molecule B is then added only after the remaining
unbound STV is removed, so that B must bind to the STV
attached to molecule A. This not only avoids the forma-
tion of homodimers A+A and B+B, but, as we show
below, also signiﬁcantly suppresses the formation of tri-
mers and tetramers.
MATERIALS AND METHODS
Synthesis of DNA and RNA
DNA molecules were synthesized by PCR derived from
phage lambda DNA (Promega). For all DNA molecules
used to bind STV, only one of the primers was 50-biotiny-
lated, so that only one end of each molecule can bind STV.
The following forward and reverse primers (Biolegio,
Leiden, The Netherlands) were used for the fragments:
2.2kb (2250bp) DNA:5 0-CCAGAAAAATGCATTCCG
TG-30 (forward) and 50-biotin-GGATATTAATACTGA
AACTGAGATCAAGC-30 (reverse). 3.5kb (3524bp)
DNA:5 0-AAAAGAATTCAGCCTCAGCTGACCAGC
CAGAAAACGACC-30 (forward) and 50-biotin- CTTG
TTGGGCTTGTTTAATCCAGTAACTGC-30 (reverse).
4.2kb (4215bp) DNA:5 0-TGATATTGCCAAAACAGA
GCTG (forward) and 50-GGAAAGGGCCCGTAAAGT
GATAATGATTATCATC-30 (reverse). The underlined
sequence corresponds to a restriction site for ApaI.
9.6kb (9571bp) DNA:5 0-AAAAAAGCTTGCGAGAA
TTTTTAGCCCAAGC-30 (forward) and 50-biotin-GG
ATATTAATACTGAAACTGAGATCAAGC (reverse).
12.7kb (12668bp) DNA:5 0-biotin-GAGGCCGGGTTA
TTCTTGTTCTCTGG (forward) and 50-GGAAAGGG
CCCGTAAAGTGATAATGATTATCATC-30 (reverse).
20kb (19945bp) DNA:5 0-biotin-GACGCAGGGGACC
TGCAG (forward) and 50-AAAAGGTCTCTTCATGC
GTTCAGTCTTAAAAGCAATT (reverse).
The 4.2kb and 12.7kb DNA molecules were used in the
ligation reaction in Figure 2b. The reverse primer is iden-
tical for both molecules and includes an ApaI site
(underlined). The molecules were digested overnight with
an excess of ApaIa t2 5 8C. After digestion, both molecules
contain the same overhang for ligation. The ligation reac-
tions were performed in equimolar concentrations in a
20ml volume with T4 DNA ligase (New England
Biolabs, Ipswich, MA, USA) in T4 ligase buﬀer. All
PCR fragments and digested molecules were puriﬁed
with the nucleospin extract II kit (Machery-Nagel,
Du ¨ ren, Germany) and concentrations were determined
using the commercial instrument Nanodrop (Isogen,
IJsselstein, The Netherlands).
The 4.2kb single-stranded RNA (ssRNA) and double-
stranded RNA (dsRNA) molecules used in Figure 3a were
synthesized via run-oﬀ transcription of DNA PCR frag-
ments derived from pBADb10 (a recombinant pBAD
vector) using T7 RNA polymerase. The PCR primers
(Biolegio, The Netherlands) for the template DNA were
designed to incorporate a T7 RNA promoter sequence at
one end of the PCR fragment. The template DNA for the
ssRNA molecule contained the following forward and
reverse primers (the T7 promoter is underlined): 50-TA
ATACGACTCACTATAGGAAGATTAGCGGATCCT
ACCTGAC-30 (forward) and 50-CGCAGCCAGCCAT
CGGAACCGGGGTTAACCTCAACTTCC-30 (reverse).
A small biotinylated oligonucleotide, 50-bio-CGCAGC
CAGCCAUCGGAACC-30, was hybridized to the 50-end
of the 4.2kb ssRNA molecule to facilitate the binding
to STV.
For the dsRNA molecule, the complementary strand of
the same DNA template was also transcribed by introdu-
cing the T7 promoter in the reverse primer. In this case,
the PCR primers used for the DNA template were: 50-A
AGATTAGCGGATCCTACCTGAC-30 (forward) and
50-TAATACGACTCACTATAGGGGTTAACCTCAAC
TTCCATTTCC-30 (reverse).
Run-oﬀ transcription of this DNA template yields an
ssRNA molecule that is complementary to and slightly
shorter than the 4.2kb ssRNA molecule described
above. After hybridization of these two RNA molecules,
the double-stranded product includes a 20nt 30 overhang,
to which the same biotinylated oligonucleotide was
hybridized as used above. All hybridizations were per-
formed following a procedure described previously (37).
DNA–STV and RNA–STVbinding
All incubations were performed in buﬀer 1 (0.25 TBE
at pH 8.3, 2mM MgCl2). Unless stated otherwise, the ﬁrst
incubation step was always performed at 378C for a dura-
tion of 30min, and the second incubation step was per-
formed at 48C for 30min up to several hours.
Removal of STV
We used two diﬀerent methods to remove unbound STV
following the ﬁrst incubation step: column puriﬁcation
using the Microcon YM-100 (Millipore, Amsterdam,
The Netherlands), and gel puriﬁcation. The column pur-
iﬁcation was carried out by loading the sample onto the
column and adding ddH2O up to a total volume of 200ml.
After  1min of centrifugation at 10 000rpm, 200ml
ddH2O was added, and the sample was again centrifuged
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20ml ddH2O and used for further experiments. Removal
of the free STV by gel puriﬁcation was done by loading the
sample onto an agarose gel, excising the A+STV frag-
ment and cutting the gel slice into small pieces, which
were then centrifuged for 15min at 14000rpm (38). The
supernatant containing the A+STV fragments was after-
wards collected and used in the second incubation step.
Although this technique for gel extraction has a relatively
low recovery for long molecules, it was chosen because the
nucleic acid–STV complex does not survive the buﬀers
used in most commercial gel extraction kits. Other techni-
ques either require high temperatures and/or ethanol pre-
cipitation, which destabilize the nucleic acid–STV
complex. We note that extraction of the nucleic acid–
STV complex using electro-elution might also be a
viable alternative, with possibly higher recovery.
Gel analysis
Samples containing molecules up to  10kb in length were
all analyzed by gel electrophoresis in nondenaturing 0.8%
agarose gels in TAE buﬀer at 5V/cm. DNA samples of
longermolecules wereanalyzedbypulsedﬁeldelectrophor-
esis (CHEF Mapper, Bio-RAD technologies, Hercules,
CA, USA) on 1.0% agarose gels in 0.5 TBE buﬀer
using a program optimized for separating DNA molecules
between 10 and 80kb. All agarose gels were stained with
ethidium bromide (EtBr).
Atomic Force Microscope (AFM) images
The gel-extracted heterodimers of 2.2 kb+3.5kb DNA
were imaged with tapping-mode AFM (National Instru-
ments, Austin, TX, USA, Nanoscope IV) in air by deposit-
ing 5ml of 1ng/ml of DNA solution on freshly cleaved
mica. After 2min, the sample was rinsed for 10s with
ddH2O water, blown dry with N2, and directly imaged in
theAFM. The AFMimage inFigure 1c wasanalyzed using
the freeware WsXM (39).
Determination of binding efficiency
The eﬃciency of the joining reactions is determined as
follows: the intensities of the bands corresponding to
the biotinylated molecules A+STV, B+STV, A+B,
A+A and B+B were determined using the program
LabImage 1D (Kapelan GmbH, Germany) and each was
divided by the respective molecular weight to obtain a
relative molar amount NA+STV,N B+STV,N A+B,N A+A
and NB+B. From this calculation, we determined which of
the reactants A or B was limiting (i.e. which reactant was
present in the lowest amount before the reaction). The
eﬃciency of the reaction was then calculated as follows:
eﬃciency (A+B)=N A+B/(NA+STV+NA+A+NA+B)i n
the case of limiting reactant A, and eﬃciency
(A+B)=N A+B/(NB+STV+NB+B+NA+B) in the case
of limiting reactant B. We do not take into account the
A and B molecules that did not bind STV, because these
represent molecules that were not biotinylated and there-
fore do not participate in the reaction. Depending on the
application, the ﬁnal product itself may require further
puriﬁcation, which, depending on the protocol employed,
could additionally aﬀect the overall eﬃciency [e.g. the gel
puriﬁcation method described above has a typical recov-
ery of 50–80% (38)].
RESULTS
Formation ofDNA–STV–DNA heterodimers
In our experiments, we aim to optimize the speciﬁc for-
mation of the dimer A+B starting from unlinked mole-
cules A and B. To achieve this, we perform a two-step
reaction, shown schematically in Figure 1a. In the ﬁrst
step, molecule A is incubated in buﬀer 1 for 30min
together with a large excess of STV (>30 molar
excess). Due to the excess STV, all biotinylated molecules
will rapidly be bound to single STV molecules. Because
these A+STV complexes cannot bind to each other (they
can only bind to those A molecules in which the biotin
remains unbound), this has an additional advantage that it
almost completely suppresses the formation of homodi-
mers A+A. After this ﬁrst step, the free STV is removed
by gel puriﬁcation and the second nucleic acid molecule B
is added in approximately a 1:1 molar ratio to molecule
A. This is incubated at 48C for a duration of 30min up to
several hours. Provided that all free STV has been success-
fully removed after the ﬁrst incubation, the B molecules
exclusively bind to the STV-tagged A molecules, resulting
in the formation of heterodimers A+B.
The result of this protocol with two monobiotinylated
DNA molecules of lengths 3.5kb (molecule A) and 2.2kb
(molecule B) is shown in Figure 1b. For reference, Lane M
contains a DNA marker. In lane 2 we show the result after
following the protocol without STV, which as expected
shows clear bands corresponding to 2.2kb DNA and
3.5kb DNA. In lane 1, molecules A and B were incubated
according to the protocol described above. The clear band
at  5.7kb (circled) corresponds to the dimer A+B.
An AFM image of the resulting A+B dimer deposited
on mica is shown in Figure 1c: here, we can clearly distin-
guish two DNA molecules joined at the ends via a slightly
higher intermediary. The intermediary is likely the STV, as
STV is signiﬁcantly larger (4–6nm diameter) than the
DNA (2.2nm diameter) and should therefore appear
higher in the AFM (40) (note that the apparent height
of both the DNA and the STV in the AFM is lower,
because the AFM tip deforms the DNA and STV as is
commonly observed in AFM imaging). The height proﬁle
of a trace along the contour of the construct is taken to
conﬁrm the lengths: we ﬁnd the distances along the DNA
to the STV are about 1200 50nm and 750 50nm. This
matches well with the expected length values for molecule
A (3524bp 0.34nm/bp=1192nm) and molecule B
(2250 bp 0.34nm/bp=765nm).
We now investigate the bands in Figure 1b, lane 1, that
do not correspond to the desired end-product dimer A+B.
These bands migrate at approximately the same speed as
the unbound molecules A and B in lane 2. However, closer
inspection reveals a slight shift in the band corresponding
to molecule A. Because this shift only appears in the pre-
sence of STV, it can be attributed to molecules A that are
bound to STV, and is observable due to the fact that the
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molecules up to at least 3.5kb in length (Supplementary
material). In the context of the second step of our reac-
tion, the appearance of this band corresponding to
A+STV may nonetheless appear somewhat surprising:
for if STV is bound, why does dimer formation not
follow and remove this band? To address this question,
we have investigated whether the presence of this band
could be decreased by longer incubation times or by vary-
ing the relative concentrations of A and B; however, no
observable eﬀect was found (Supplementary material).
Consequently, we speculate that it is an imperfection in
the STV that causes this band to remain: it is consistent
with the existence of a fraction of STV molecules that can
only bind single, but not multiple, biotins.
Using the intensities of the bands at  3.7kb (A+STV)
and 5.7kb (A+B), we can estimate the eﬃciency of for-
mation of the dimer A+B and ﬁnd that to be  60% (see
Materials and methods section). Note that in order to
achieve such a high eﬃciency, it is necessary to minimize
the formation of homodimers A+A and B+B
(Supplementary material). We have employed two tech-
nical steps to do so: ﬁrst, the gel extraction following the
ﬁrst incubation ensures that all free STV is removed.
Unfortunately, this is not the case for many other puriﬁ-
cation methods, and small amounts of free STV can
remain and will lead to the formation of B+B homodi-
mers (Supplementary material). Second, the low tempera-
ture in the second step prevents dissociation of the STV
from the A+STV complex, which would otherwise also
allow formation of homodimers (Supplementary
material).
Applications ofthe method
End-joining of very long molecules. Having demonstrated
that we can speciﬁcally form the heterodimers A+B with
high eﬃciency, we now demonstrate the utility of this
method in three applications: the end-joining of two
very long DNA molecules, the end-joining of DNA
to RNA, and the end-joining of RNA to RNA. In
Figure 2a, lane 1, we demonstrate that we can eﬃciently
end-join two very long molecules of DNA of 20kb (A)
and 9.6kb (B). This is shown by the appearance of a
band that migrates more slowly than the 23kb marker
in lane M2. This likely corresponds to the dimer A+B,
which should migrate at approximately the same speed as
30kb DNA. From the intensities of the bands, we deduce
an eﬃciency of formation of the A+B dimer of  50%,
similar to the case of the much shorter molecules in
Figure 1. We therefore conclude that the eﬃciency does
not signiﬁcantly decrease when joining substantially
longer molecules.
This is in sharp contrast to ligation, where the eﬃciency
can decrease dramatically for such long molecules. This is
illustrated in Figure 2b: Lane 1 shows the self-ligation of a
4.2kb DNA molecule, resulting in an 8.4kb DNA mole-
cule. This 4.2kb DNA molecule was digested with a
restriction enzyme at a site in one of the PCR primers,
leaving a 4 base pair self-complementary overhang (see
Materials and methods section). After overnight
Figure 1. Protocol and formation of DNA–STV–DNA dimers. (a) Schematic showing the two step incubation to optimize the eﬃciency of the dimer
A+B, where A and B can be any nucleic acid with a biotin at one end. First, we bind molecule A to STV by 30min incubation with a 30  molar
excess of STV. We then remove all the unbound STV using gel puriﬁcation and incubate the STV-bound molecule A together with molecule B at 48C
in a 1:1 ratio for 30min up to 15h depending on the length of the molecules. (b) 0.8% agarose gel image showing the result of this protocol with
3.5kb DNA (A) and 2.2kb DNA (B) molecules (lane 1), and the control experiment without STV (lane 2). There is a very clear band at 5.7kb
(lane 1), corresponding to the dimer A+B. The eﬃciency of this reaction is  60%. (c) AFM image of the A+B heterodimer, and a height proﬁle
traced along the molecule. The STV can be seen as a clear peak in the height proﬁle, and joins two molecules of about 1200 50nm and 750 50nm
in length, corresponding well to the expected lengths for molecule A and B.
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all molecules are ligated (lane 1). However, when the same
reaction was carried out with a 12.7kb molecule contain-
ing exactly the same self-complementary overhang,
the eﬃciency of the ligated product was dramatically
reduced, to almost zero (lane 2). Note that in these two
ligation reactions the molar concentrations of both mole-
cules were kept the same for the long and the short mole-
cules. Eﬀorts to improve the eﬃciency of the ligation
reaction by performing the same reaction in the presence
of poly-ethylene glycol (41), did not have noticeable eﬀects
(results not shown). Further optimization may yield a
higher eﬃciency, but this may be a time-consuming task.
Conveniently, our biotin–STV linkage procedure oﬀers a
way to join such molecules without the need for further
optimization.
End-joining of DNA to RNA. A second advantage of
using STV as a linker is its versatility: for instance, it
allows us to very straightforwardly join RNA molecules
to DNA molecules. Normally, this would require the
synthesis of complementary overhangs on the DNA and
RNA molecules, and possibly the subsequent ligation of
the RNA–DNA hybrid. This can be challenging, because
secondary structure in the single-stranded DNA parts and
RNA can prevent eﬃcient hybridization. In addition,
DNA–RNA hybrid ligation reactions can be very ineﬃ-
cient (42,43). In contrast, our biotin–STV linkage proce-
dure only requires that both molecules are biotinylated at
one end.
In Figure 3a we show two examples in which we bind
DNA molecules to single-stranded and double-stranded
RNA molecules, respectively. The DNA molecules are
the 3.5kb and 2.2kb monobiotinylated PCR products
used above, and the RNA molecules were synthesized by
in vitro transcription from a 4.2kb long piece of DNA.
A short 50-biotinylated RNA oligonucleotide was hybri-
dized to one of the ends of both RNA molecules to pro-
vide the biotin group for STV binding. The result of our
protocol in the absence of STV with the 3.5kb DNA piece
(A) and the single-stranded 4.2kb RNA (B) molecule is
shown in lane 1. The ssRNA migrates approximately at
the same speed as 1.5kb DNA and clearly no dimer for-
mation occurs. The result of our protocol in the presence
of STV is shown in lane 2: an additional band appears at
 5kb DNA, which is where the ssRNA–DNA dimer is
expected. The intensity of this band compared with the
others implies an eﬃciency of  40% for the formation
of A+B dimers, demonstrating that the eﬃciency of
DNA–ssRNA dimers is quite similar to that obtained
for the DNA–DNA dimers above. We also demonstrate
the use of our protocol in binding a 2.2kb DNA (A)
molecule to a 4.2kb dsRNA (B) molecule. Lane 4 shows
the result after following the protocol without STV: the
dsRNA migrates at the same speed at 4.2kb DNA, and
no dimer formation occurs. In lane 3, on the other hand,
we observe an additional band at about 6.5kb, corre-
sponding to the heterodimer A+B. From the intensities
Figure 3. End-joining DNA to RNA and RNA to RNA. (a) Joining
DNA to RNA. Lane 1 contains the result following our two step
protocol without addition of STV, using a 3.5kb DNA (A) molecule
and a 4.2kb ssRNA molecule (B). The ssRNA is seen to migrate at the
approximately at the same speed as 1.5kb DNA and –as expected- we
see only bands corresponding to molecules A and B. In lane 2, where
the protocol was followed in the presence of STV, a band appears at
 5kb DNA, corresponding to the A+B dimer. In lanes 3 and 4 we
illustrate the same procedure with two diﬀerent molecules: a 2.2kb
DNA molecule (A) and a 4.2kb dsRNA molecule (B). Again, in the
control experiment without STV no dimers are formed (lane 4).
Conversely, in lane 3, after following our regular protocol in the pres-
ence of STV, an additional band is observed at  6.5kb. As the bare
dsRNA molecule migrates at  4.2kb DNA, the band at 6.5kb most
likely corresponds to the A+Bdimer. The eﬃciencies in both cases are
similar to or even better than DNA–DNA binding shown in Figure 1.
(b) Joining RNA to RNA. The same 4.2kb dsRNA molecule used
above was used with our protocol to create an 8.4kb dsRNA molecule.
Lane 1 contains the result following our two-step protocol without
addition of STV, using the 4.2kb RNA molecule as both A and B:
no dimers are formed. However, in the presence of STV (lane 2) an
additional band is formed at  8.5kb DNA corresponding to the
dsRNA–dsRNA dimer.
Figure 2. End-joining very long DNA. (a) Pulsed ﬁeld electrophoresis
gel image illustrating the eﬃcient end-joining of two very long DNA
molecules. Lane 1 contains the product after joining a 20kb (A) DNA
molecule to a 9.6kb (B) DNA molecule using our two step protocol.
Using markers M1 and M2 as a reference, we can see bands corre-
sponding to the molecules A, B, and an additional band corresponding
to DNA longer than 23kb, which is likely the A+B dimer of  30kb
DNA. The eﬃciency of dimer formation ( 50%) is similar to that of
the shorter molecules in Figure 1. (b) Pulsed ﬁeld electrophoresis image
illustrating that the ligation eﬃciency to join two molecules is strongly
reduced for longer molecules: In lane 1 we show the ligation of a
4.2kb long DNA molecule to itself (the molecules have a small self-
complementary overhang), which clearly has a very high eﬃciency of
about 90%, judging from the relative intensity of the band at about
8.5kb DNA. However, the ligation of a 12.7kb molecule with exactly
the same overhang is much less eﬃcient: a band at  25kb is not
observed.
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formation of A+B dimers, and indeed almost all of the
RNA is bound to DNA. Achieving a similar eﬃciency in
binding long RNAs to DNA using enzymatic ligation
would be very challenging because the eﬃciency of
these reactions may vary depending on the molecules
involved.
End-joining of RNA to RNA. As a ﬁnal application, we
demonstrate that our method can also be applied to eﬃ-
ciently end-join two RNA molecules (Figure 3b). Here, we
used our protocol to end-join two 4.2kb dsRNA mole-
cules (A) to create dimers A+A. In lane 2, two distinct
bands can be seen, one migrating at  4.2kb DNA (corre-
sponding to molecule A) and one migrating at  8.5kb
DNA, which must correspond to the dimers A+A.W e
ﬁnd that  20% of the ﬁnal product consists of dimers
A+A. As before, we have also performed a control in
the absence of STV (Figure 3b, lane 1), and here no
dimer formation occurs, as expected.
DISCUSSION
Having demonstrated several applications of our method,
we now analyze in more detail a number of aspects that
inﬂuence the overall eﬃciency of dimer formation.
Speciﬁcally, we will address the importance of tempera-
ture and the role of STV quality in dimer formation, and
we explain why our protocol disfavors the formation of
multimers.
Influence oftemperature on homodimer formation
We have mentioned above that a low temperature during
the second incubation step is important in preventing
homodimer formation (see also Supplementary material).
The reason for this is that the rate of dissociation of STV
is much reduced at a lower temperature, so that the STV
dissociates less frequently from the A+STV complex and
renders formation of A+A dimers (and also B+B dimers)
less likely. Assuming that the dissociation rate of STV at
378C is approximately koﬀ=10
 4s
 1 [estimated from ref.
(44)], we expect that after 1hr about 30% of the STV has
dissociated once and reassociated again to form a new
complex (either a DNA–STV–DNA dimer or a single
DNA–STV complex). At 48C, however, the rate of disso-
ciation is approximately three orders of magnitude lower
(44), meaning that only 0.03% of the STV molecules
would have had time to dissociate once. The formation
of unwanted dimers such as A+A and B+B due to
STV dissociation is dramatically suppressed, therefore.
One could argue that the lower temperature may
also require longer incubation times to compensate for
slower diﬀusion. A longer incubation time would in turn
allow for more dissociation to occur, which could
cancel the beneﬁt gained from the lower dissociation
rate. However, the rate of diﬀusion is reduced by only
about 10% by lowering temperature from 378Ct o4 8C,
which is hardly signiﬁcant compared with the three orders
of magnitude gained in the stability of the A+STV
complex.
STV qualityand the efficiency of dimer formation
We have found that the number of molecules that binds
STV but does not form dimers (in other words, A+STV
and B+STV complexes) is unaﬀected by either the incu-
bation time or the relative concentration of molecules A
and B (Supplementary material). Our speculation is that
the STV molecules in these single DNA–STV complexes
do not have multiple binding sites available for biotin, but
only a single one. Presumably, partial degradation of the
STV molecules may be the cause of this. We have indeed
observed degradation over time in individual stocks of
STV: in all cases, the eﬃciency of forming single DNA–
STV complexes was not diminished (judged from the
observable electrophoretic shift due to STV binding),
but the relative amount of (homo- or hetero-) dimers
would dramatically reduce over the course of several
weeks to months, to the point where dimer formation
was no longer observed. Switching to a fresh STV stock
would always immediately result again in high eﬃciencies
of dimer formation. This observation also rules out any
possible inﬂuence of other factors, such as the buﬀers or
DNA molecules used. The STV used for the experiments
presented here (purchased from Roche Applied Sciences,
Almere, The Netherlands) showed the best results: stocks
were found to be stable for at least 2 weeks up to several
months when stored in ddH2Oa t4 8C.
Formation of multimers
We have observed almost no formation of DNA trimers
and tetramers in our experiments, even though wild-type
STV has four binding sites for biotin. This is in accor-
dance with earlier reports (29,32), where it was also
found that direct incubation of biotinylated DNA with
STV would not result in multimer formation, except at
certain speciﬁc ratios of STV:DNA. Indeed, in some
cases we have also observed the formation of trimers
and tetramers when both molecules were incubated
directly with STV (in a single incubation rather than our
preferred two step approach). Formation of trimers and
tetramers becomes more likely when the STV concentra-
tion is less than twice that of the DNA molecules,
although it probably remains much slower than dimer
formation because of steric hindrance (29). Indeed,
Monte-Carlo simulations (45) imply that the probability
of forming trimers and tetramers under optimized molar
concentrations is still orders of magnitude lower than the
probability of forming dimers. It is likely that our two-step
protocol similarly disfavors the formation of trimers and
tetramers. The likelihood of multimer formation in the
ﬁrst step of our protocol is reduced signiﬁcantly, due to
the very large excess of STV used. This makes it much
more likely that all the biotin-groups on the molecules A
are rapidly saturated by binding to single STV molecules
rather than forming dimers. In the second step, when
molecule B is added, it can only bind to A+STV com-
plexes. Due to steric constraints, the probability that two
molecules B bind to the same A+STV complex is lower
than for two molecules B to bind two diﬀerent A+STV
complexes. Also, the concentrations of A and B are typi-
cally matched so that all B molecules can bind to A+STV
e104 Nucleic Acids Research, 2008, Vol. 36, No. 16 PAGE6 OF 8molecules. Dimer formation is thus much more likely then
formation of trimers and tetramers.
CONCLUSIONS
We have presented a simple procedure to speciﬁcally end-
join two biotinylated nucleic acid molecules A and B using
STV as an intermediary. The method avoids the time-
consuming optimization usually required for ligation reac-
tions when long molecules are involved or when joining
DNA to RNA or RNA to RNA. The method presented
here appears to be insensitive to the length of the mole-
cules (up to at least 20kb long DNA) or to whether the
molecules are DNA or RNA. The motivation to use STV
to end-join two nucleic acids was based on the fact that the
STV–biotin linkage is the strongest noncovalent intermo-
lecular bond known, but also because it is relatively
straightforward to enzymatically biotinylate DNA and
RNA molecules. We note that this procedure could in
principle make use of any other pair of strongly binding
antigens, such as digoxygenin and antidigoxygenin or
ﬂuorescein and antiﬂuorescein (21,24–26). The use of
such antigen-pairs could also be useful in typical single
molecule applications, such as magnetic or optical twee-
zers, where also the other ends of the molecules A and B
will be attached to either a bead or a surface (46–48).
Conveniently, such an approach will automatically ﬁlter
out the A+B product (the A+STV and B+STV alone
will not tether between both surfaces), which will increase
the overall yield of the protocol even more. The binding
protocol presented here can be performed easily and
rapidly in a standard biochemical buﬀer, and no special
chemicals and subsequent puriﬁcations are required. It is
therefore an ideal choice to create long nucleic acid con-
structs that may ﬁnd many applications in bionanotech-
nology and single-molecule experiments.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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